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We used a combination of optically-detected x-ray absorption spectroscopy with molecular dynamics
simulations to explore the origins of light emission in small (5 nm to 9 nm) Ge nanoparticles. Two sets of
nanoparticles were studied, with oxygen and hydrogen terminated surfaces.We show that optically-detected
x-ray absorption spectroscopy shows sufficient sensitivity to reveal the different origins of light emission in
these two sets of samples. We found that in oxygen terminated nanoparticles its the oxide-rich regions that
are responsible for the light emission. In hydrogen terminated nanoparticles we established that structurally
disordered Ge regions contribute to the luminescence. Using a combination of molecular dynamics
simulations and optically-detected x-ray absorption spectroscopy we show that these disordered regions
correspond to the disordered layer a few A˚ thick at the surface of the simulated nanoparticle.
I
t is well known that the reduction of size down to the nano-scale can have a significant impact on the physical
properties of a material. For semiconductors this can generally be understood in terms of the quantum
confinement effect - a condition where the geometric size decisively affects a variety of physical parameters1,2.
The concept is elegant, but not easy to probe directly in many cases due to the difficulties in observing quantum
dots (QDs) in an idealised state that can be readily compared with a corresponding theoretical or a computational
model. A good example of this is porous nanocrystalline Si (pSi), the unusual optical properties of which were
discovered in 1990 by Canham3. The intense visible photoluminescence (PL) observed in pSi was originally
attributed to the quantum confinement effect, but almost immediately another point of view was voiced4,5
suggesting the effect was due to the surface or silicon compounds of a molecular nature on the surface. Over
two decades of intense research followed that could not provide unequivocal evidence and eventually led to the
development of a model of Si QDs that includes a core, surface, and interfacial regions6. Contributions to the
discussion include rather complex PL measurements on single Si QDs in a silicon oxide environment7, in
magnetic fields8 and under high pressure9. Crucially, none of the approaches so far have been able to provide
direct evidence of a connection between the light emission and the underlying atomic structure. It seems that the
research into Ge QDs is suffering from a similar fate. Several preparation routes have been reported10 and PL was
observed in the region between 400 nm and 1000 nm. The exact origins of the observed PL are yet to be
established, with some reports suggesting that surface effects have a significant influence11.
Germanium is a close structural and electronic analogue to Si and there has been significant interest in
understanding the optical properties of Ge QDs. The vast majority of early experimental studies looked at
embedded Ge QDs due to limited success in preparing free-standing samples with a controlled surface termina-
tion. It has been established12,13 that inmost cases the PL observed in embeddedGeQDs can be attributed to oxide
related species which are mostly linked to preparation techniques (e. g. implantation into an oxide, reduction
from Ge oxides, etc.). Recently, a comprehensive x-ray absorption spectroscopy (XAS) study of the nano-size
effect on the structural properties of GeQDs embedded in a silica matrix has been conducted14,15 which suggests a
structurally disordered region (due to static variation of bond angles and bond lengths) is formed between the
nano-crystalline core and silica matrix. Again, the role of the matrix in the formation of these regions and the
effect of thematrix on the optical properties of embeddedGe quantumdots is unclear. At the same time, empirical
and first-principles molecular dynamics simulations16 indicate the significance of surface-related structural
disorder in small (1–3 nm), free standing nanoparticles. The role of this surface-induced disorder on the elec-
tronic and optical properties of small Ge QDs is yet to be explored experimentally, however it is clear that its
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nature may be different from the well-known and well-studied bulk
amorphous systems. The main feature of the disordered interfacial
region between the core and the surface that sets it apart from the
bulk amorphous counterparts is that it is structurally related to the
crystalline core, which may still be present in small nanoparticles16.
Recent advances in colloidal synthesis10 provided access to free-
standing Ge QDs. However, the main challenge in establishing a
direct link between the atomic structure and optical emission still
remains. Our own early work17 using a top-down approach resulted
in samples that do not show significant evidence of Ge-based oxides
as characterised by Raman spectroscopy18 and EDX analysis, while
FTIR/Raman data show the presence of Ge hydroxide/hydride spe-
cies. These synthesis methods provide access to matrix-free Ge QDs
with hydrogen and oxygen terminated surfaces providing very prom-
ising model systems for studying the complex nature of size and
surface effects.
One technique that is capable of linking light emission directly
with the structure is optically-detected XAS (OD-XAS). OD-XAS is a
technique that enables structural data to be obtained directly from
x-ray excited optical luminescence (XEOL) and has already been
used to address the origins of PL in pSi6,19,20. OD-XAS is based on
sensitivity of the XEOL signal to photoelectron generation in the x-
ray absorption process near and above the x-ray absorption edge of
an element (see Fig. 1). The XEOL-related x-ray absorption signal is
measured by recording the integral photoluminescence yieldwithin a
selected wavelength range. Thus, OD-XAS is sensitive to a subset of
sites related to the light emission. Despite its capabilities, OD-XAS
could not provide an unambiguous answer as to the origins of PL in
pSi. One of the main reasons for that is the sensitivity of OD-XAS to
the sample preparation methods21,22 which precluded wider use of
the technique. Another difficulty is in assessing the spatial sensitivity
of this method on the scale of a few nm19,20.
Here, our objective was to understand whether optical photons
produced as a consequence of an X-ray absorption process can be
linked with a specific atomic structure in matrix-free Ge QDs. We
demonstrate that by combining careful sample preparation, OD-XAS,
and molecular dynamics (MD) simulations it is possible to extract
local structure information for the light emitting site and to obtain the
details of the structural morphology of a nanoparticle. In order to do
that we turn our attention to the structural origin of visible PL
observed in a series of Ge QDs: (i) hydrogen-terminated surface;
(ii) oxygen-terminated surface; (iii) embedded into SiO2 matrix.
Results
The free-standing Ge QDs were prepared by etching17,18 and the
silica-embedded Ge quantum dots were prepared by sol-gel syn-
thesis23. The surface of some of the samples prepared by etching
was oxidized by exposure to air for two weeks prior to x-ray absorp-
tion experiments. No further treatment has been done to the SiO2
encapsulated samples prepared by sol-gel synthesis. Presence of Ge
nanoparticles was verified by the Raman measurements and all sam-
ples showed a broad peak just below 300 cm21 corresponding to
the TO-like phonon mode of the diamond-type structure (see
Supplement). The size of the Ge QDs was evaluated from TEM
and from Raman measurements (using the relationship described
previously24) and was found to be between 5 nm and 9 nm.
A comparison of the results of the analysis of the transmission and
OD-XAS data collected at the Ge K-edge at T 5 100 K for all three
types ofQDs studied are shown in Fig. 2. XEOL signal used to acquire
the OD-XAS data can be seen in Fig. 2, a. TheOD-XAS data obtained
fromXEOL are shown in Fig. 2, b. These data were used to extract the
corresponding extended x-ray absorption fine structure (EXAFS)
signals from which detailed structural information was obtained
(see Supplement). Looking at the positions of the peaks in the
magnitude of the Fourier Transform (FT) of EXAFS for oxygen-
terminated samples collected in transmission mode (Fig. 2, c) one
can see the signal corresponding to Ge-O bond at around 1.7 A˚
together with the signal at 2.45 A˚ corresponding to Ge-Ge bond in a
diamond-type structure (see Table I in the Supplement for details).
The relatively strong Ge-O peak (see Fig. 2, c) indicates significant
oxygen content in oxidised samples. In OD-XAS data for oxygen-
terminated samples no coordination shell at around 2.45 A˚ is
observed at all while Ge-O signal can still be clearly seen (Fig. 2,
d). For the hydrogen-terminated sample we find that only signals
corresponding to Ge coordination shells are observed in transmis-
sion data and no oxygen related peaks are detected while hydrogen
atoms are too weakly scattering to be seen. In the data extracted from
OD-XAS of the hydrogen terminated sample once again only Ge-Ge
signal is detected. However, this time only a single peak was observed
corresponding to the first coordination shell. These results suggest
that OD-XAS provides information different from that obtained
from the transmission data as it is sampling substructures contrib-
uting to the luminescence.
In the FT extracted from OD-XAS data (Fig. 2, d) one can clearly
observe the difference in the position of the first peak (corresponding
to the nearest neighbours) for oxygen and hydrogen-terminated
samples. In oxygen-terminated samples the first peak is located at
around 1.7 A˚ and corresponds to the oxygen environment (Ge-O
bond, see details in Table II of the Supplement). We can conclude
that in oxygen-terminated samples it is the oxygen-rich content that
gives the major contribution to the OD-XAS (and hence to the light
emission) as we see virtually no signal from the coordination shell
corresponding to the Ge-Ge distance (a coordination shell at around
2.45 A˚). From this point on we only performed detailed analysis of
the hydrogen-terminated sample as the data clearly indicated that
OD-XAS is associated with a pure Ge phase rather than oxide. The
EXAFS analysis for the hydrogen-terminated sample revealed a sin-
gle peak at R 5 2.44 6 0.01 A˚ from the central atom which is
consistent with the corresponding value for the diamond-type struc-
ture of c-Ge. However, we did not observe a multi-shell structure in
the magnitude of the FT which is common for c-Ge at these tem-
peratures25. The lack of the structural signal beyond the first shell is
usually an indication of a topologically disordered (e.g. amorphous)
structure. In small nanoparticles this can be due to the disorder at the
interface between the surface and the core14–16,26. However, the signal
may also be due to the hydrogen-terminated surface where local
coordination numbers can be low. In principle, an accurate value
of the coordination number can help to differentiate between the two
options. A reduced coordination number in the first shell as com-
pared to the bulk sample can be an indication that the structure is at
the surface, but extracting coordination numbers from OD-XAS
with a sufficiently small error margin can be a challenge due to the
Figure 1 | A schematic diagram of the x-ray excitation-
photoluminescence cycle in OD-XAS. An excitation from a 1 s state to
continuum followed by radiative recombination (XEOL) that carries
information about a XAS event.
www.nature.com/scientificreports
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complex nature of the electron excitation-de-excitation pro-
cesses19,21,22,27 that can affect the signal amplitude. Furthermore, the
number of relevant structural parameters (e.g. atomic distances,
numbers of neighbours, Debye-Waller factors) that can be reliably
extracted from the data is limited by the well-known Nyquist the-
orem28. These parameters can be highly correlated leading to
increased errors. This makes it virtually impossible to ascertain
whether the OD-XAS signal originates from the whole of the nano-
particle, from only its surface, or from the disordered interface based
solely on the analysis of coordination numbers.
One way to overcome the problem of parameter correlation and of
their number is to use an additional source of information to fix (or
constrain) asmany parameters as possible in order to reduce correla-
tions and their associated errors. A detailed model of a Ge QD could
be very helpful to improve the precision of the structural information
extracted from OD-XAS by placing constraints on the refined para-
meters. In the following analysis we used anMD-generated model of
a single QD of an appropriate size (5 nm) to establish if we can
further localise the source of the light emission.
To understand the effect of reduced dimensionality on the OD-
XAS signal and to provide a source of information to constrain
structural parameters (e.g. distances and numbers of neighbours),
we have performed MD simulations of bulk Ge (to test simulation
settings) and of a Ge QD. The system size was approximately 50 A˚
involving about 6,000 atoms. The bulk configuration with periodic
boundary conditions was equilibrated for 50 ps at 100 K. To simu-
late a finite-size Ge nanoparticle with a free surface the cell size was
increased by 20 A˚ - a distance larger than the potential cut-off. This
resulted in atoms in the outmost layers being connected to vacuum,
and induced surface relaxation (see Fig. 3, a). To quantify the effect of
surface relaxation we have extracted the radial distribution functions
(RDF) as a function of distance d from the surface towards the centre
of the particle. In Fig. 3, b we plot RDFs for different values of d, and
observe a clear bi-modal distribution of distances at the interface
between the core and the surface as d increases towards the centre
of a nanoparticle. This bi-modal distribution suggests that the inter-
facial layer is structurally different from the crystalline core. This in
turn would suggest a distinctive difference in the electronic and
optical properties of the interface as compared to that of the core.
Discussion
It is not possible to observe the level of structural detail obtained from
MD in OD-XAS sinceMD data give positions of nuclei while EXAFS
is sensitive to the electron density distribution. As a consequence, the
same level of detail cannot be recovered in the magnitude of the FT
for direct comparison to the MD data. However, if the XEOL
emission is associated with surface states only, a shortening of the
average interatomic distance down to<2.42 A˚ should be observed in
the data extracted from OD-XAS (see Fig. 3, b). We observe no
obvious shortening of the interatomic distance in our OD-XAS
experimental data and hence conclude that the OD-XAS signal does
not originate from the surface. However, the cumulant analysis of the
first neighbour Ge-Ge peak (R5 2.446 0.01 A˚) in the OD-XAS data
indicates a non-zero value of the third cumulant (0.005 6 0.003 A˚3,
skewness of the peak) while third cumulants in the bulk crystalline
reference sample and in the transmission signal are close to zero
(0.0003 6 0.0018 A˚3 and 0.0009 6 0.0021 A˚3 respectively). At the
temperature of our experiment (T 5 100 K) this peak skewness
suggests that there is a static contribution to the Ge-Ge peak assoc-
iated with structures with distinctly different interatomic distances.
This is not inconsistent with the bi-modal distribution of distances
we observe in the RDFs obtained from theMD simulation (Fig. 3, b).
Therefore, we used information from RDFs to constrain the refine-
ment of OD-XAS data in order to investigate the origins of peak
skewness and to recover the sub-structure responsible for the
Figure 2 | XEOL, the corresponding OD-XAS, and structural data for Ge QDs. (a), XEOL data used to extract structural information. Red rectangle
indicates the position of the band used to collect OD-XAS. (b), OD-XAS data used to obtain structural information. Data for oxygen-terminated samples
are shifted along x-axis for clarity. (c), Structural data extracted from transmission measurements and presented as the normalized magnitude
of the Fourier transform. Reference bulk c-Ge data are also shown and positions of the coordination shells related to the oxide and pure Ge are marked
(Ge1, Ge2 and Ge3 corresponds to first, second and third shells in diamond-type Ge). (d), Structural data extracted from OD-EXAFS presented as the
normalized magnitude of the Fourier transform (see Methods section) with the coordination shells around Ge marked, and sample surface conditions
indicated in parentheses.
www.nature.com/scientificreports
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observed OD-XAS signal. Specifically, the average number of neigh-
bours associated with the first (surface-core interface) peak, the sec-
ond (core) peak and the ratio of the corresponding peaks were used
as set parameters. This information was then used to generate an
EXAFS signal and to compare the model with the experiment for a
number of RDFs between 2 A˚ and 25 A˚. This allowed us to reduce
the number of variable parameters to just two during a refinement: a
single nearest neighbour number and a single Debye-Waller factor.
The result of this comparison can be seen in Fig. 4. We found a clear
minimum in the value of the fit index (which characterizes the
‘‘goodness’’ of a fit) for the RDF corresponding to the 5 A˚ layer.
This result suggests that the origin of the light emission can be
localized to a layer extending to around 5 A˚ from the surface towards
the centre of the particle generated by MD.
The result above seems to suggest that it’s possible to localise the
source of the light emission with sub-nanoparticle precision. At this
point it is important to verify if an optical photon contributing to the
extracted OD-EXAFS signal following an x-ray absorption process is
produced within the specific luminescent sub-region of the sample
or, as in the present case, a single nanoparticle. To address this
question it is instructive to look into the nature of the OD-XAS
process in relation to the nanostructures in order to understand
under what conditions such a level of spatial localisation can be
expected. Theoretical approaches to describe XEOL yield (and there-
fore localisation of OD-EXAFS) have been developed previously for
bulk samples21,22. These can be adapted and applied to nanoparticles
where we would expect to obtain (in the limit of small sample thick-
ness) for variation of XEOL in a system consisting of a core, a surface
and of an interface layer:
IEXAFSXEOL E,lð Þ!
X3
i,j~1
gj lð Þxi Eð Þ, ð1Þ
where g is the term describing photoluminescence yield (including
spatial information about the decay of x-ray excited electrons to an
energy level leading to the light emission), l is the XEOL light emis-
sionwavelength, xi is the normalised EXAFS signal, and E is the x-ray
photon energy. In this notation the case of i 5 j corresponds to the
process of x-ray absorption leading to the light emission (XEOL)
within the same structural region, while i ? j corresponds to the
absorption and the emission sites being spatially separated (e.g.
absorption events in the core result in light emission from the sur-
face). This suggests that both the EXAFS process and the correspond-
ing electron de-excitation events with the subsequent light emission
must be localised to the same region of interest.
The presence of cross-terms depends on the level of localisation of
x (the EXAFS signal) and of g (the light yield due to electron de-
excitation down to the bottom of the conduction band). Localisation
of the EXAFS signal is well understood and is related to the electron
mean-free path (EMFP) of the x-ray excited core electrons. For bulk
crystalline Ge it has been shown29 that the EMFP is between 3 A˚ and
10 A˚ for electron energies in the EXAFS region (50–1000 eV). In
structurally disordered systems this value can be even smaller30 thus
placing the lower limit on the accuracy of the structural localisation.
This lower limit is not inconsistent with our findings.
The light yield term, g, originates from the de-excitation of high
energy electrons to the energy levels that result in the light emission
(e.g. the bottom of the conduction band, see Fig. 1). The exact nature
of the de-excitation process is rather complex31 and it is nearly
impossible to put a single number on the value of the associated
mean-free path. Nevertheless, the value of the EMFP for low energy
electrons produced by de-excitation to the bottom of the conduction
band can be relatively large (i.e. significantly more than 10 A˚22,29)
leading to the cross-terms in the Eq. 1 above. Still, if either (or both) g
or x in the cross-terms should turn out to be small (compared to i 5 j
terms) because of the low efficiency of the corresponding emission
channel or low absorption by (e.g. low mass fraction of) the specific
region, then OD-XAS can provide a good level of localisation. We
Figure 3 | Results obtained from molecular dynamics simulations. (a), a
5 nm Ge particle generated by molecular dynamics simulations with the
surface showing clear signs of disorder. (b), RDFs extracted as a function of
distance d from the surface. Numbers in A˚ designate a corresponding RDF.
Figure 4 | Results of the fitting of molecular dynamics based models to
OD-XAS derived data. (a), Experimental data and the best fit. (b),
Goodness of fit for various RDFs calculated as a function of distance from
the surface towards the center of the QD.
www.nature.com/scientificreports
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believe, that the level of localisation reported here is due to a com-
bination of relative fractions of the corresponding structural compo-
nents (e.g. of GeO2 and/or of disordered Ge) and of the relatively
high efficiency of the associated emission channels.
The level of structural localisation we report here is based on a
specific morphological model - that of a layered QD with a surface, a
crystalline core and a disordered interface. However, the result has
general validity beyond this model in that in hydrogen-terminated
Ge nanoparticles it is the disordered structural component at the
interface between the core and the surface that contributes to the
light emission. Another important point is that MD simulations
allow one to obtain a detailed structural model that can be used as
a guide to constrain (or reduce the number of) parameters used in
EXAFS refinement thus improving the precision with which struc-
tural parameters are extracted. This model, if consistent with the
experimental data, can further be used to examine the structural
and optical properties of a system.
In summary, we demonstrate that a combination of MD simu-
lations and OD-XAS can be used to obtain structural information
about regions contributing to the light emission in Ge QDs, thus
potentially providing sub-nanopaticle resolution. We show that in
Ge QDs the contribution to photoluminescence crucially depends
on the surface termination. In samples with an oxidised surface
there is a clear contribution from the oxide to the light emission.
In hydrogen-terminated samples, with the aid of molecular
dynamics simulations, we show that the luminescent part of the
sample probed by OD-XAFS has a disordered structure, similar to
that found in the several A˚ thick surface layer of the nanoparticle
simulated by MD. We find that light emission in Ge QDs can be
directly linked to the structure and to sample preparation condi-
tions, thus providing a direct link between synthesis and optical
properties of nanostructures.
Methods
OD-XAS experiments using the x-ray excited optical luminescence (XEOL) signal
have been conducted at beamline B18 at Diamond Light Source. All data were col-
lected at the Ge K-edge (<11 keV) with samples prepared so as to utilise the
advantages of the thin limit21 to ensure consistency between transmission and
optically-detected signals. The detection system consisted of a Triax 190 spectrometer
equipped with a Synapse CCD and a Newport VIS Femtowatt photoreceiver. A
Hamamatsu R3809U-50 MCP photomultiplier was used for low signal conditions.
The light was delivered to the spectrometer using an optical fibre. All experiments
have been conducted at T 5 100 K using a cryojet system. OD-XAS data were
reduced with PySpline32 and analysed using EXCURVE33 and FEFF34 codes. The value
of ‘‘goodness of fit’’35 was used to identify the best fit of the structural models gen-
erated by MD to the experimental data by varying the relevant structural parameters
(e.g. interatomic distance and Debye-Waller factor). Transmission EXAFS data were
used for reference.
For the MD simulations we used DL POLY MD package36, and employed the
highly successful and widely used environment-dependent Tersoff potential37, par-
ticularly well suited for surface simulations where the atomic environment is different
from that in the bulk.
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